Abstract. The extreme natural disasters such as rainstorm have been exerting a great influence on the safe operation of power systems. Landslides caused by rainstorm would cause the tower to tilt. Transmission lines may break off under the influence of unbalanced tension and electro-dynamic force, thus causing the system to power off. In order to improve the reliability of system power supply, the landslide displacement forecasting method based on coupling model is studied in this paper. Firstly, the displacement sequence is decomposed by the variational mode decomposition algorithm to obtain the landslide displacement subsequence. Then the adaptive mutation particle swarm optimization algorithm is combined with the support vector machine to realize the displacement prediction based on the coupled model. The result of this displacement forecasting is used for landslide forecasting and early warning of power system security and informing system operators the dangerous towers to ensure the safe operation of the power system. The case study shows that the model based on the variational mode decomposition and the AMPSO-SVM coupling model is accurate for the forecasting of landslide displacement, provides a theoretical basis for the collapse forecasting of the power system tower and practical basis for the safe operation of the power system.
Introduction
In recent years, China has encountered multiple rounds of heavy rains. Hunan, Hubei, Anhui and other provincial and municipal power grids have suffered varying degrees of losses [1] . At the same time, the coverage of power grid in our country is getting wider and wider, and the topography of power grid passage has also become complicated and changeable. Natural disasters such as landslides triggered by the rainstorm disaster will cause extreme destruction to power grid passage, which will greatly threaten the safe operation of power system and reliability of power supply [2] , [3] , [4] . Therefore, it is of great necessity and practical significance to utilize a precise and s Table model to predict the landslide scientifically and reasonably.
In the power system disaster prevention and reduction, many researchers have done much research and achieved some results. Paper [4] , [5] proposed a method of splitting conductor through regulating impedance to melt ice. Paper [6] , [7] studied the hurricane impact on composite power system reliability and power flow. From the above achievements, we know that the above research work has achieved some results, but the research all focused on the meteorological areas such as rainstorm, hurricane, snow, and ice, etc. However, grid disaster prevention and mitigation should cover all aspects that may affect the safe operation of power system. And research on the secondary rainstorm disaster which often brings serious hazards to power system is scant.
In order to study the influence of heavy rain on power channel and power grid safety, we need to study the safety of a tower with a steeper gradient. Meanwhile. The safety of a tower depends on the safety and strength of the slope. In fact, the landslide often occurs when heavy rainfall or heavy rainstorms occur. Therefore, landslide prediction technology is one of the important technologies for the safe operation of power grids.
In geology, landslide prediction is also a hot issue, and many methods have been proposed to predict landslides [8] , [9] , [10] , [11] . Empirical Mode Decomposition (EMD) algorithm in the signal analysis has been applied to the landslide monitoring displacement sequence decomposition. Clustering empirical mode decomposition (EEMD) [11] has also been used to reconstruct the displacement time series and predict it by using Particle Swarm Optimization Support Vector Machine. However, some deficiencies existed in these work and here presented them in the following aspects: 1) EMD and EEMD lack of a solid mathematical foundation, and the number of decomposition is uncontrollable, causing it is easy to increase the forecasting workload; 2) the artificial selection of SVM parameters is blind; 3) the PSO algorithm has good performance under normal conditions but is easy to fall into the local optimum, which may lead to severe prediction error in engineering practice.
This paper is organized as follows: 1) apply the variational mode decomposition(VMD) algorithm, whose mathematical foundation is solid and the number of decomposition is controllable, to decompose landslide displacement sequence of the historical monitoring data of Baishui River landslide in three gorges reservoir area, Hubei, China from 2007 to 2011;2) AMPSO is used to optimize the support vector machine (SVM) parameters so as to obtain the AMPSO-SVM coupling model. Then the displacement sub-sequence is predicted by this coupling prediction model. The predicted value of each sequence is reconstructed to obtain the total displacement prediction value; 3) On the basis of step 2), combined with landslide early warning classification method based on the tangent angle of the new type displacement-time curve, the grade of landslide warning is divided for the example, which provides the basis for prediction and practice for the safe operation of the power grid.
Landslide and Its Influence on Power Grid
In recent years, with the continuous development of China's long-distance transmission, the construction of power grid is becoming more and more perfect, which makes the density of transmission lines bigger and bigger. More and more transmission channels are constructed, which passes through the complex terrain. Therefore, the impact of rainstorm disasters on the security of power grid is increasing [12] . Among the six natural disasters, the development of landslides and landslides is significantly higher than other categories [13] . According to statistics, China suffered 27 rounds of rainstorm attacks from April 2016 to July 2016, which seriously affected 27 provinces and cities, such as Hunan, Hubei, Fujian and so on. The total number of outage substations in 35kV or above is 45 and transmission lines in 10kV or above is 5287, which resulted in 125700-district power failures and affected more than 8600 thousand households. In addition, based on the analysis data of transmission lines and power facilities in recent years, the landslide caused by rainstorm is one of the main ways that has an impact on power channel [14] .
The influence of landslide on the tower is mainly divided into two aspects, impact failure and tower instability. Under the action of landslides, there may be a variety of situations such as structural plastic failure, tower toppling and tower base displacement. Under the action of gravity, stress and natural force disturbance, the tower foundation is easily deformed and then lead to the tilt of tower, which is difficult for inspectors to detect the tilted failure of the tower accurately and in time only by the daily inspection. As a result of such disturbance, even more than a dozen base towers overturned, leading to a major accident in the overhead transmission line, which is difficult to recover in the short term.
A transmission line is a continuous system supported by a number of towers. A tower or even a number of towers are displaced and dumped, which will cause the transmission lines to sag, break and so on. In the southwest of China, due to the complex and changeable landform and geological conditions, the landslides occur frequently under the trigger of heavy rainfall. At the same time, transmission lines inevitably cross mountainous and hilly areas, making rainstorm and landslide the most important geological hazard of overhead transmission lines.
To sum up, the heavy rain and its secondary disasters will have a serious impact on the safe operation of power grid and the normal power supply. Therefore, in order to reduce the economic loss of power grid as far as possible, carrying out scientific and reasonable landslide prediction research is helpful to improve the safety level of power system and the reliability of power supply.
The Coupling Model of Landslide Displacement Prediction
The monitor data of landslide displacement is the foundational and important material for prediction. To utilize the monitor data adequately and improve the prediction accuracy, in this paper, the original displacement monitor data was decomposed by the decomposition algorithm and then utilize the prediction model to predict the displacement value for every displacement sub-sequence that was obtained by decomposition. After finishing above two steps, the total prediction result will be acquired by reconstructing the sub-sequences' prediction results. In addition, the complexity of the data is reduced, the data information is fully utilized and the prediction accuracy is improved by decomposition.
The VMD Algorithm[15]
The Principle of VMD. The general thread of VMD is to construct a bandwidth minimization variational problem, and then solve the variational problem, so that a real-valued signal S is decomposed into a discrete number of modes  
(1) Construct the variational problem Firstly, the original signal is transformed by Hilbert transform to obtain the corresponding analytic signal, then mixed the analytic signal with an exponential term, and finally calculate the squared L 2 -norm of the gradient. The constrained variational problem is following:
(2) Solve the variational problem The main idea of VMD in solving the variational problem (1) is Lagrange multiplier method and alternate direction method of multipliers(ADMM).
In order to eliminate constraints in the original problem, both the quadratic penalty term and Lagrange multipliers, , is utilized. The resulting augmented Lagrange equation as follows:
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Where, P is the secondary penalty factor. By introducing the Lagrange equation, L, the solution to the original minimization problem is transformed to a series of sub-optimizations of problem (2) .VMD updates 
The Algorithm Flow of VMD
(2) Update k S and k  according to equation (3) and (4).
, stop iterating. Conversely, return to the step (2).
(4) Obtain the corresponding modes, sub-sequences, for given decomposition number.
Adaptive Mutation Particle Swarm Optimization Algorithm
Particle swarm optimization(PSO) algorithm is easy to implement, and its computational efficiency is high. Therefore PSO is used widely to solve optimization problems. But PSO is easy to fall into local optimum. Lv Zhensu et al. [16] applied the mutation operation in genetic algorithm to PSO and proposed the adaptive mutation particle swarm optimization(AMPSO),rendering the PSO fall into local optimal solution, and improving the optimization performance of the algorithm. Therefore, in this paper, AMPSO is used to optimize SVM parameters. Considering paper [16] has already analysis the principle and the algorithm flow of AMPSO detailly, this paper no longer goes into details.
The Principle of SVM
Landslide monitoring is limited by climatic conditions and geographical factors, so the monitoring data sample is small and many influential factors existed. On the other hand, traditional prediction models have high requirements on the scale of data samples and are difficult to forecast and low accuracy when used in landslide displacement prediction. Support vector machine(SVM) [17] is an excellent tool for solving nonlinear and small sample size problems. Therefore, SVM is used to predict landslide displacement in this paper. Assuming training set   is the input column vector of the i-th sample, 1 2 = , ,..., ,
is the corresponding output value. Suppose the linear regression function constructed in the high-dimensional space is following:
Where, ω is the normal vector of the hyperplane, b is the hyperplane offset and   x  is the nonlinear reflection function.
Definite a insensitive loss function
In formula(6),   f x is the prediction value and y is the corresponding actual value. In order to solve the equation (5) 
Where, C is the penalty factor and  donates the requirements of the regression function to the error.
In the displacement prediction, the input of sample is the influential factor set, i.e. the attributes set and the output of regression function is the prediction value of displacement. As for the error analysis, considering the degree of discrepancy of prediction results and the degree of deviation between predicted value and actual value, the mean square error (MSE), average absolute error (MAE) and average absolute percentage error are selected as the evaluation indexes. Their formulas are as follows: 
The Flow of Landslide Displacement Prediction
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The Early Warning Algorithm for Landslide
According to the movement state of landslide, the time displacement curve of landslide movement can be divided into three stages: initial deformation stage, constant deformation stage and acceleration degeneration stage. Furthermore, the accelerated deformation stage can be subdivided into initial acceleration stage, moderate acceleration stage and slip-on stage [18] . Based on the previous research results, Luo Lei, et al. put forward a new classification method of landslide warning grade based on the tangent angle of time curve. Algorithm basic process is as follows: (1) The average velocity of the isokinetic deformation stage is obtained as equation (11).
Where, 
(2) Transformation of S-t curve into T-t curve In order to eliminate the dimensional difference of the coordinate axis and improve the prediction accuracy, the S-t (displacement -time) curve is converted to the T-t time curve, which is shown in equation (13) .
(3) Tangent angle is obtained in equation (14).
On the basis of the reconfiguration results in the upper level, combining with equation (11)~ (14), landslide's early-warning algorithm flow is shown in Figure 2 . According to the requirements of the national Power Grid Corp for online monitoring, the monitoring volume should establish a 3-level threshold. On the basis of the displacement prediction and the tangent angle criterion, the landslide early-warning grade division are shown in Table 1 . 
There is a crack that develops slowly in the surface.
prompt yellow 50 80
The slide doesn't threaten the safe operation of power grid, but there may be a small hidden danger, to which the operators should pay attention.
warning orange 80 85
The part collapse resulting from the slide threatens the safe operation of the power grid to some extent, which is necessary to strengthen the monitoring and carry out the field investigation.
alarm red
The increasing frequency of the slide collapse threatens the safe operation of the power grid to a great extent and the measures must be taken immediately.
Obtain the landslide displacement time curve according to the upper output results
Calculate the average velocity in the isokinetic deformation stage
Transform the value of S-t coordinate to the value of T-t coordinate
Calculate the tangent angle and determine the deformation phase of the slide
The lower flow
Output warning level prompt information Figure 2 . Process of landslide early warning algorithm.
Experiments and Results

The Displacement Prediction of Baishui River
Professional In the selection of influence factors, referring the analysis of paper [10] and taking the rainfall of current month, the cumulative rainfall of anterior two months, the reservoir level, the fluctuation of reservoir level of current month the fluctuation of reservoir level of anterior two months and the cumulative increment of total displacement in current year as the influencing factors.
In this paper, the original cumulative displacement sequence is decomposed into three sub-sequences. The three modes obtained by the decomposition are shown in Figure. 3. The penalty parameter P adopts the VMD default value of 2000;  takes 0.3 to ensure the authenticity of the data.
The Displacement Prediction of Sub-sequences of Example1. According to the algorithm flow, the three sub-sequences obtained by the original displacement sequence decomposition are respectively modeled and predicted, and the corresponding displacement prediction values of the three groups in the example 1 are obtained. The prediction results of the sub-sequences are shown in Figure. The Displacement Prediction of Case 2. The displacement prediction process of "Example 2" is the same as that of "Example 1", so it will not be described in detail here. The displacement prediction results are shown in Figure. 5, and the prediction errors are shown in Table 2 . From Figure.5 and Figure. 6, we can see that the total displacement obtained by reconstructing the sub-sequences' prediction results is very close to the actual monitoring value, and the prediction accuracy is high. This result is not only reflected in the overall trend, but also reflected in the monthly displacement prediction results. Combined with Table 2 , from the prediction error analysis point of view, the prediction performance of coupling model proposed in this paper is excellent. Since the training sample of example 1 is less than that of example 2, the prediction accuracy of example 1 is slightly lower than that of example 2. However, in terms of the overall prediction accuracy, the mean absolute error MAE and the mean absolute percentage error MAPE, both representing the discrepancy of the prediction results and MAPE, which measure the degree of deviation between the predicted value and the actual value, are relatively lower.
Landslide Warning Classification
Based on the prediction of landslide displacement in 5.1.2 and the landslide warning classification method, the landslide warning classifications of example 1 and 2 are as follows: In the actual operation of the power system, operators can anticipate the potential danger of the transmission tower according to the warning levels shown in Table 3 and Table 4 ,so that to take precautionary measures timely to improve the safe operation of the power system and ensure the continuous and reliable power supply.
Conclusion
The affection of the rainstorm and secondary disasters on power network channel and power system safe operation is analyzed in detail in this paper. It is necessary that the study on the prediction of the storm landslides must be carried out for the improvement of the safe operation of the power system and the reliability of the power supply.
Landslide displacement prediction method based on the variational mode decomposition (VMD) algorithm and AMPSO-SVM Coupling model was studied in this paper. Based on the variational mode decomposition, the AMPSO algorithm was used to optimize the parameters of SVM, and AMPSO Introduced cross mutation operation in genetic algorithm into particle swarm optimization algorithm to implement fast and accurate prediction of landslide displacement.
Based on the prediction of landslide displacement and the tangent angle of time curve, the classification method of landslide early-warning grade was proposed in this paper to provide the basis for the power system operators to prejudge the power network channel disaster.
Example verification results show that the proposed coupling model has good performance and can be used to predict the displacement value of the landslide accurately. The proposed coupling model provides a good performance prediction tool for the power system storm landslide prevention and reduction work. It also provides security for the safe operation of the power system.
